Abstract. Shock-induced melting phenomenon in tin material attracts considerable attention recently. Particularly, under the strong explosively loading, the shock-induced melted tin with lower strength is the weak region where the dynamic damage and fracture commonly appear, resulting in the "micro-spallation" process. In the current work, three tin targets with different thicknesses are designed to investigate such micro-spallation phenomenon of shock-loaded pure tin. A new damage model considering the melting effect is proposed and the simulated results are compared with experimental measurements for the validation.
Introduction
Dynamic damage and fracture phenomena in shockloaded materials are critical issues for both basic science research and engineering applications. When the target is strongly shocked, the interaction between the shock wave loading and the reflected pulse from its free surface could generate inevitable tensile stresses inside the target. The appearance of such shock-driven tensile stresses provides the source of dynamic damage and fragmentation processes, also nominated as spallation phenomenon, for shock-loaded materials. Among numerous research works, metal tin is particularly favoured by researchers recently due to its special low melting point feature [1] [2] [3] [4] [5] [6] [7] [8] . Previous founds [1] [2] [3] [4] [5] [6] [7] [8] revealed that, when Sn target is subjected to shock loading, the solid tin could be partially or fully melted on compression directly or on later release. Different from the solid β-phase tin or γ-phase tin, the shock-induced liquid tin can hardly bear the tensile stress, thus, these melted tin materials become the weak regions and provide the root of fractures for the shock-loaded target. Corresponding to the traditional spallation process for solid materials, the dynamic fragmentation phenomenon for shock-loaded tin is usually called as the "microspallation" process.
In the paper, we investigate the dynamic behaviour of the explosively loaded tin targets with different thicknesses via both of experimental diagnostics and numerical simulations. A thin aluminium foil is attached to the LiF window close to the free surface of the Sn target, used for capturing the interface velocity. X-ray radiography is adopted for measuring the areal density evolution of the micro-spallation. For the simulation part, based on the compatible Lagrangian hydrodynamics method [9] [10] [11] , we propose a damage model considering shock-induced melting effect for simulating the dynamic micro-spallation process. At the end of this paper, the predicted results are then compared with the experimental measurements to validate the proposed damage model. Fig. 1 presents the schematic of the experimental setup used in the current study. Three circular tin targets of 99.99% purity were designed with the same diameter Φ = 25 mm and three different thicknesses t = 4 mm, 8 mm and 12 mm, which were named by sn04, sn08 and sn12, respectively, for the sake of convenience. All of them were explosively driven by high explosives with fixed diameter Φ = 25 mm and thickness h = 30 mm.
Experimental setup and numerical model

Experimental setup
In this paper, two groups of experiments were executed. In the first group (as depicted in Fig. 1 (a) ), we electroplated a 1-m-thick Aluminium foil to the surface of the LiF window. Such thin rough Al foil realizes the diffuse reflection of the laser from Doppler Pins System (DPS) and thereby enhance the intensity of the reflected laser. The LiF window was attached to the top surface of each tin target to obtain the interface velocity, which allows us to analyse the shock loading history for tin targets.
In the other experiment group (as shown in Fig. 1  (b) ), X-ray radiography diagnostic was carried out using a 1 MeV mid-energy X-ray machine to detect the areal density distribution of the shock-induced ejection. Meanwhile, DPS diagnostic was also combined in this group to obtain the free surface velocities of investigated Sn targets directly. 
Proposed damage model
In previous research [12] , it was found that the onset shock-breakout pressure of melt-on-release for pure tin is 19. 
where T E is the thermal energy, mT E means the melting thermal energy derived from the modified Lindermann formula and GRAY equation-of-state [13] , α is material parameter.
We assume that, when ( ) 
T C Then, the coupling effect between the pre-defined melting proportion and the progressive damage can be expressed as:
Based on the above expression, we can obtain the micro-spallation damage rate m D  by:
Besides, the material constitutive equation and equation of state ( t P represents the pressure expression when the material is under tension state; c P is the one in compression situation) are correspondingly updated as follows: 
where a′ is chosen to satisfy 
Results and discussion
In this section, we present the simulated results based on the above damage model together with the experimental measurements. Fig. 2 shows the measured and predicted interface velocities of the investigated three tin samples using the proposed LiF window technique, with time 0 s τ = representing the beginning of free surface moving. As depicted in Fig. 2 , overall, the proposed damage model with considering the shock-induced melting proportion provides close results to Asay window measurements for all samples. All tin targets experienced the typical Taylor-type shock wave loadings.
The free surface velocity results are given in Fig. 3 . Regarding the experimental measurements obtained by using DPS, it worth noting that we assume the bottom edge of velocity curve as the real free surface velocity. Then, according to the well-known Hugoniot relationship and the material parameters of pure tin, one can approximately obtain the shock-breakout pressures for the investigated tin targets as:
27.0 GPa The comparisons between the measured and simulated distributions of equivalent areal density (areal cumulated thickness) are displayed in Fig. 4 to Fig. 6 for sn04, sn08 and sn12 samples, respectively. It can be noticed that the profiles of the areal density distribution for all three cases are well depicted with the proposed damage model compared to the corresponding experimental founds. According to all results, it is revealed that the areal density distribution of the ejection has spatial non uniformity characteristic. In the fore head of the ejection cloud, several layers of tenuous particles are firstly ejected, which results in a low density zone. Then, an approximate cylinder with moderate density is observed. While the most compact ejected tin is found appearing in the rear of the cloud. However, for more detailed feature, the proposed model still needs to be improved further in the future to obtain more close predictions to the experimental measurements and reasonably reveal the true dynamic micro-spallation process for shock-loaded tin.
Conclusions
In this paper, the dynamic micro-spallation process of shock-loaded tin is examined via both of experimental diagnostics and numerical modeling. A new damage model considering the shock-induced melting effect is proposed for simulating the dynamic fracture behavior of tin targets. The obtained results indicate that the proposed model provides a feasible method for studying the dynamic micro-spallation process of shock-loaded tin.
